Background: NADH and NADPH are critically important but labile coenzymes. Results: We identified an enzymatic repair system for hydrated NAD(P)H consisting of an ATP-or ADP-dependent dehydratase and an epimerase. Conclusion: The extreme conservation of this repair system suggests its importance for many species. Significance: This work indicates that searches for other enzymes involved in metabolite and coenzyme repair might be fruitful.
Recent work from our and other laboratories indicates the importance of an emerging group of enzymes serving to eliminate abnormal metabolites that result from side activities of enzymes of the intermediary metabolism (1, 2) . This variety of metabolite repair enzymes, which we propose to call "metabolite-proofreading enzymes," plays a similar role in intermediary metabolism as the proofreading activities of DNA polymerases and aminoacyl-tRNA synthases in replication and translation, namely to increase the fidelity of the respective biosynthetic processes by correcting for the lack of specificity of the biosynthetic enzymes involved. L-2-Hydroxyglutarate dehydrogenase, a mitochondrial FAD-dependent enzyme, serves to repair a side activity of L-malate dehydrogenase consisting of the reduction of ␣-ketoglutarate to L-2-hydroxyglutarate (1). L-2-Hydroxyglutarate dehydrogenase deficiency causes L-2-hydroxyglutarate accumulation in tissues and body fluids, leading to a severe neurological disorder (1) . Other examples of metaboliteproofreading enzymes are GDP-glucose phosphorylase (2) and ethylmalonyl-CoA decarboxylase (21) which correct side activities of GDP-mannose pyrophosphorylase and acetyl-CoA carboxylase, respectively.
The earliest known proofreading enzyme in intermediary metabolism is probably the one that dehydrates a hydrated form of NAD(P)H known as NAD(P)HX. Studies in the 1950s showed that glyceraldehyde 3-phosphate dehydrogenase slowly catalyzes the formation of NADHX 4 from NADH (3) (4) (5) . The equilibrium of this hydration reaction is in favor (100/1) of the hydrated form (6) , making this reaction virtually irreversible. NADHX and NADPHX are inhibitors of several dehydrogenases (7, 8) , and it is therefore important to eliminate them. Reconversion of NADHX to NADH is catalyzed by an ATP-dependent dehydratase, which is present in yeast extracts (6, 9) but has never been molecularly identified, making it difficult to know whether this repair mechanism is widespread or restricted to yeast and what consequences its absence may have.
In view of the importance of nicotinamide nucleotides in numerous cellular processes, the purpose of the present work was to identify the enzyme that catalyzes the ATP-dependent repair of NAD(P)HX. This identification led us to discover a highly conserved enzymatic system, consisting not only of a dehydratase, which is specific for the S form of NADHX or NADPHX and, depending on the species, uses ATP or ADP as energy source, but also of an epimerase that converts the R form of NADHX or NADPHX to the form used by the dehydratase.
EXPERIMENTAL PROCEDURES
Preparation of NADHX and NADPHX-NADHX and NADPHX were produced by incubating NADH or NADPH (ϳ28 mM) in the presence of 0.5 M NaP i , pH 6.0, for 30 min at 35°C. The pH was then brought to pH 8 by the addition of NaOH to inhibit further degradation of NAD(P)H. Under these conditions, mixtures containing ϳ3.7 mM (S)-NADHX, 2.8 mM (R)-NADHX, and 2.8 mM cyclic NADHX were obtained. Similar amounts of NADPH derivatives were measured after incubation of NADPH. These mixtures were used either directly or after further purification to assay NAD(P)HX dehydratase and epimerase activities.
HPLC Analysis of NAD(P)H Derivatives and Adenosine
Nucleotides-The degradation products of NAD(P)H were analyzed by reverse-phase HPLC using a method adapted from Ref. 6 as described in the supplemental Experimental Procedures. AMP, ADP, and ATP were quantified by an anion-exchange HPLC method described previously (10) .
Purification of (S)-NAD(P)HX and (R)-NAD(P)HX-
The NAD(P)HX mixture for substrate purification was prepared as described above. Semipreparative HPLC was carried out on a Pursuit XRs C18 column (250 ϫ 10.0 mm, 5 m, Varian) at a flow rate of 5 ml/min using a linear gradient from 2 to 15.5% methanol over 30 min for NADH derivatives and from 0.5 to 5% methanol over 40 min for NADPH derivatives, and 0.5-ml fractions were collected. The aqueous phase consisted of sodium phosphate buffer (10 mM, pH 7.0). Compounds were detected by monitoring UV absorbance at 279 nm. The purest and most concentrated fractions for the two epimers of NAD(P)HX were adjusted to pH 8.0 with 1 M NaOH and lyophilized overnight. The dry residues were resuspended in Tris-HCl buffer (10 mM, pH 8.0), and NAD(P)HX concentration was determined by using ⑀ 290 ϭ 13,500 M Ϫ1 cm Ϫ1 (4). The resulting (S)-NADHX, (R)-NADHX, (S)-NADPHX, and (R)-NADPHX solutions were 70 -85% pure as determined by the analytical HPLC methods described above and were stored at Ϫ20°C.
Purification and Molecular Identification of Yeast NADHX Dehydratase-NADHX dehydratase was purified from a dry bakers' yeast extract as described in the supplemental Experimental Procedures. A candidate protein band was excised from an SDS-PAGE gel loaded with the most purified enzyme fraction and analyzed by LC/MS/MS after trypsin digestion (11) .
Cloning, Expression, and Purification of Recombinant NAD(P)HX Dehydratase and NAD(P)HX Epimerase from Mouse, Saccharomyces cerevisiae, and Escherichia coli-The coding sequences of mouse Carkd and mouse AIBP were amplified by PCR from full-length cDNA clones (IRAVp968B0872D and IRAVp968D07117D, respectively) of the Integrated Molecular Analysis of Genomes and their Expression (IMAGE) library purchased from ImaGenes (Berlin, Germany). For Carkd and apolipoprotein A-1-binding protein (AIBP), the N-terminal sequences were predicted to correspond to mitochondrial targeting signals using subcellular localization programs (TargetP, MitoProt II). As for both of these proteins, the predicted mitochondrial propeptides were closely followed by another conserved and inframe ATG codon, the forward primers were designed to anneal either to the first or to this second ATG codon to express long and short forms of Carkd and AIBP. The ORFs of yeast YKL151C and YNL200C and of E. coli yjeF were PCR-amplified from genomic DNA of boiled S. cerevisiae and E. coli cells, respectively. All of the primers used are listed in supplemental Table S1 . The PCR products were cloned into the Champion pET100/D-Topo vector (Invitrogen) for isopropyl-1-thio-␤-D-galactopyranoside-induced bacterial overexpression of N-terminally His-tagged proteins, and the DNA sequence of each insert was confirmed. Recombinant proteins were produced and purified as described in the supplemental Experimental Procedures.
Spectrophotometric Assays of NAD(P)HX Dehydratase and NAD(P)HX Epimerase-The spectrophotometric assays were based on the different absorption spectra displayed by NADH (or NADPH) and NADHX (or NADPHX) (4,7). NAD(P)H production was measured by monitoring A 340 (wavelength at which the hydrated forms virtually do not absorb:
), whereas NAD(P)HX consumption was determined by measuring A 290 (wavelength of maximal difference between the absorption of NAD(P)HX and NAD(P)H). The NAD(P)HX dehydratase activities of Carkd, YKL151C, and YjeF were assayed in a reaction mixture at 30°C containing, unless otherwise indicated, 25 mM Hepes, ) (4) . Given the higher spontaneous interconversion rates of the S and R forms of NAD(P)HX at pH 7 and below (6), the enzymatic assays in this study were preferably performed at pH 8 for both the NAD(P)HX dehydratases and epimerases.
RESULTS

Purification of Yeast NADHX Dehydratase and Identification of YKL151C as a Candidate
Protein-To identify the gene encoding the ATP-dependent NADHX dehydratase activity previously reported in yeast extracts (6, 9), we purified this enzyme from dry bakers' yeast. Yeast extract was obtained by autolysis in an ammonium phosphate buffer at pH 9 and passage through a French press apparatus. After precipitation of the enzyme by ammonium sulfate, it was further purified by three successive chromatographic steps on Blue Trisacryl, Source 30Q (Fig. 1B) , and Superdex 200 ( Fig. 1C) columns; this procedure allowed an ϳ800-fold purification of the enzymatic activity with a yield of 7.5% (supplemental Table S2 ). A candidate protein band for NADHX dehydratase was identified by comparing its intensity on an SDS-PAGE gel stained with Coomassie Blue (Fig. 1A, arrow) with the elution profile of NADHX dehydratase activity from the Source 30Q and Superdex 200 columns. This band was excised from the gel lane that had been loaded with the most active fraction (fraction 29) eluted from the gel-filtration column. Trypsin digestion of the corresponding proteins followed by peptide analysis by LC/MS/MS suggested that yeast NADHX dehydratase corresponds to protein YKL151C, the sequence of which is shown in Fig. 1D . YKL151C was indeed the top candidate in terms of SEQUEST identification score in the list of proteins identified in the excised gel band. YKL151C belongs to the carbohydrate kinase family, which is part of the ribokinase superfamily (12) . The latter comprises enzymes that phosphorylate a hydroxyl group of a substrate at the expense of ATP (e.g. ribokinase, adenosine kinase, hydroxyethylthiazole kinase) or ADP (ADP-glucokinase, ADP-phosphofructokinase).
YKL151C Is a Widely Conserved Protein That Is Associated to a Second, Uncharacterized Domain in Bacteria-Homologs of YKL151C are found in the overwhelming majority of eukaryotes and prokaryotes. The mouse and human homologs, known as Carkd, share ϳ37% sequence identity with YKL151C (Fig. 1D) . Interestingly, the bacterial homologs, including E. coli YjeF, are bidomain proteins comprising an ϳ270 residue C-terminal domain, which in the case of YjeF shares ϳ26% identity with YKL151C (Fig. 1D) , and an ϳ240-residue N-terminal domain, which is also highly conserved in prokaryotes and eukaryotes (Fig. 1E and supplemental Fig. S1 ). The eukaryotic homologs of YjeF-Nt, named AIBP in mammals and YNL200C in S. cerevisiae, are encoded by genes that are separate from the putative eukaryotic NADHX dehydratase genes (Fig. 1E ). AIBP has been identified in a yeast two-hybrid screen using apolipoprotein A-1 as a bait (13) . Intriguingly, however, its sequence does not comprise a signal peptide, but rather a mitochondrial propeptide as predicted by the TargetP program (14) . Furthermore, its three-dimensional structure reveals the presence of a Rossmann-like fold (15) , suggesting that this protein may bind a nicotinamide dinucleotide.
As bi-or multifunctional enzymes often catalyze functionally related reactions, we formulated the hypothesis that the reaction catalyzed by the N-terminal domain of E. coli YjeF (and presumably also by mammalian AIBP and yeast YNL200C) is physiologically related with the energy-dependent dehydration catalyzed by yeast YKL151C, mammalian Carkd, and the C-terminal domain of YjeF. This hypothesis was further supported by the highly correlated expression identified by the SPELL microarray search engine for the yeast proteins YKL151C (annotated as a heat-shock pro- tein) and YNL200C. Because yeast NADHX dehydratase was previously shown to be specific for the S epimer of NADHX (6), an obvious possibility was that YjeF-Nt, AIBP, and YNL200C catalyze the isomerization of (R)-and (S)-NADHX ( Fig. 2A) . These hypotheses were confirmed by characterization of the recombinant proteins, as described below, first for the eukaryotic homologs and then for the bacterial enzyme.
Characterization of Carkd/YKL151C and AIBP/YNL200C as (S)-NAD(P)HX Dehydratases and NAD(P)HX Epimerases,
Respectively-The coding sequences of the putative mouse and yeast NADHX dehydratases (Carkd and YKL151C) and epimerases (AIBP and YNL200C) were cloned into TOPO vectors for bacterial isopropyl-1-thio-␤-D-galactopyranoside-induced expression of N-terminally His-tagged recombinant proteins. For Carkd and AIBP, long and short forms of the proteins were produced that contained or did not contain the N-terminal mitochondrial propeptide. For Carkd, sufficient amounts of purified protein could be obtained for either form and, as similar kinetic properties were found for both forms, they were used indiscriminately in the experiments described below. For AIBP, much higher expression levels were obtained using the short construct, and the protein lacking the mitochondrial propeptide was used for enzyme characterization. All of the recombinant proteins were purified by at least one metal affinity chromatography step to obtain homogeneous enzyme preparations.
NADHX (or NADPHX) can be produced by incubating NADH (or NADPH) in the presence of elevated concentrations of P i and slightly acidic pH (6, 7). The resulting mixture contains, in addition to (S)-NAD(P)HX and (R)-NAD(P)HX (in a 60:40 ratio), non-reacted NAD(P)H and cyclic forms derived from NAD(P)HX ( Fig. 2A) (5) (6) (7) 16 ). All of these compounds can be separated by reverse-phase HPLC (6, 17) , which allowed us to functionally characterize our recombinant proteins. As shown in Fig. 2B , during incubation of such an NADHX mixture with Carkd and ATP, (S)-NADHX was rapidly depleted, whereas the (R)-NADHX levels decreased only slightly over the same time period. This (S)-NADHX consumption was accompanied by the formation of stoichiometric amounts of NADH and ADP, indicating that the conversion of 1 mol of (S)-NADHX to NADH is accompanied by the hydrolysis of ϳ1 mol of ATP to ADP. This confirms the identity of Carkd as an ATPdependent and stereospecific (S)-NADHX dehydratase. By contrast, when both Carkd and AIBP were present in the incubation mixture, both the S and the R forms of NADHX were entirely converted to NADH (Fig. 2B) , supporting the hypothesis that AIBP acts as an NADHX epimerase, catalyzing the conversion of (R)-NADHX to the S epimer used by the NADHX dehydratase. In these time-course experiments, we also monitored the concentrations of the cyclic forms of NADHX (contained in the NADHX mixture added to the reaction medium); these concentrations remained stable throughout the incubation time, showing that neither Carkd nor AIBP acts on those cyclic forms of NADHX in the assay conditions used (data not shown). Even more direct evidence for the NAD(P)HX epimerase activity of AIBP was obtained by incubating purified solutions enriched in either the R epimer or the S epimer of NAD(P)HX with recombinant AIBP and by showing that the latter greatly accelerates the re-equilibration of both epimers to a 60:40 ratio (shown for NADPHX in supplemental Fig. S2) .
Using a spectrophotometric assay, we confirmed that Carkd and also YKL151C convert (S)-NADHX to NADH in an ATPdependent manner (Fig. 2C) . In those assays, Carkd and YKL151C indeed caused a decrease in A 290 (NADHX consumption) as well as an increase in A 340 (NADH production) only when ATP was present. End point assays in which Carkd and AIBP (or YNL200C) were successively added to a mixture of (S)-and (R)-NAD(P)HX (60:40 ratio) showed that the initial decrease in A 290 (or increase in A 340 ) caused by the dehydratase activity of Carkd was followed by a second decrease in A 290 (or increase in A 340 ) of similar magnitude upon the addition of AIBP or YNL200C (supplemental Fig. S3 ). This observation further supported that Carkd is stereospecific for its NAD(P)HX substrate and that AIBP (and YNL200C) functions as an NAD(P)HX epimerase, thereby allowing the complete reconversion of NAD(P)HX to NAD(P)H in the presence of the NAD(P)HX dehydratase.
The addition of lactate dehydrogenase (and pyruvate) to a mixture in which (S)-NADHX had been completely converted to NADH by Carkd or YKL151C (as evidenced by a plateau reached while monitoring A 340 ) led to a decrease in A 340 approximately equaling the increase in A 340 caused by the recombinant NADHX dehydratases (not shown). This strongly indicated that NADHX dehydratase reconverts (S)-NADHX to the ␤-anomer of NADH. All of the findings obtained using the spectrophotometric assay and NADHX as a substrate could be repeated with similar results when replacing NADHX by NADPHX.
Bacterial YjeF Is a Bifunctional and ADP-dependent NAD(P)HX Repair Enzyme-With recombinant E. coli YjeF, the protein comprising a C-terminal domain homologous to Carkd and an N-terminal domain homologous to AIBP, we also detected an NAD(P)HX dehydratase activity when performing the spectrophotometric assay in the presence of ATP. However, the incomplete substrate (NAD(P)HX) consumptions observed during those assays, especially at low ATP concentrations, led us to include a P-enolpyruvate/pyruvate kinase-based regeneration system for ATP in the reaction mixture. Contrary to our expectations, the enzymatic reaction was completely inactive under those conditions, which suggested that ADP is involved in the reaction. This led us to test whether ADP rather than ATP is the co-substrate used by the bacterial enzyme, a hypothesis that was indeed confirmed as shown in Fig. 2C .
Furthermore, we found that the addition of YjeF to 60:40 mixtures of (S)-and (R)-NADHX or (S)-and (R)-NADPHX (in the presence of ADP) caused an increase in A 340 that was ϳ2-fold higher than the increase in A 340 caused by the addition of Carkd or YKL151C to the same reaction mixtures (except for the presence of ATP instead of ADP) (shown for NADPHX in supplemental Fig. S4 ). These observations supported the hypothesis that YjeF not only dehydrates (S)-NAD(P)HX, but also interconverts (R)-and (S)-NAD(P)HX.
We confirmed the bifunctionality and ADP dependence of E. coli YjeF by using the HPLC-based assays. The addition of recombinant YjeF to an incubation mixture containing a purified, (R)-NADHX-enriched solution, but no ADP, only accelerated the conversion of (R)-NADHX to (S)-NADHX (Fig. 2D) . In the presence of ADP, however, both the R and the S forms of NADHX were completely converted to NADH (Fig. 2D) , and this conversion was accompanied by the hydrolysis of a stoichiometric amount of ADP to AMP (not shown). Table S3 ). For Carkd, we found an ϳ4-fold higher V max value when (S)-NADPHX was used as a substrate instead of (S)-NADHX. For YjeF, the difference was not as pronounced, but (S)-NADPHX was also a better substrate for this enzyme than (S)-NADHX, as indicated by the 2-fold higher catalytic efficiency with (S)-NADPHX. Similar results were obtained with yeast YKL151C for (S)-NADHX and ATP (not shown).
Kinetic Properties of the NAD(P)HX Dehydratase and NAD(P)HX Epimerase Activities-Both Carkd and YjeF displayed high affinities for their (S)-NADHX and (S)-NADPHX substrates, as well as for their respective co-substrates (ATP or ADP) with low micromolar K m values (supplemental
The kinetic properties of AIBP for (R)-NADHX and (R)-NADPHX were determined spectrophotometrically by coupling the epimerization reaction to the dehydration reaction catalyzed by Carkd. We found that KCl stimulates the NADHX epimerase activity of AIBP by ϳ14-fold (supplemental Fig. S5 ), whereas this salt did not have any effect on the activity of Carkd. Similar effects on AIBP activity were obtained when using potassium acetate instead of the chloride salt, indicating that K ϩ exerts the stimulatory effect. NH 4 Cl also had a similar stimulatory effect on AIBP activity, whereas NaCl did not affect this activity up to a concentration of 5 mM (supplemental Fig. S5 ). The concentrations of KCl and NH 4 Cl needed for half-maximal activation of AIBP activity were remarkably low (Ͻ150 M). AIBP also displayed high affinities for its NAD(P)HX substrates and a higher catalytic efficiency for the hydrated nicotinamide phosphate nucleotide (supplemental Table S3 ).
DISCUSSION
The molecular identification of the NAD(P)HX repair enzymes provides critical new information on this system. First, it consists of two distinct enzymatic activities, an ATP-or ADPdependent dehydratase and an as yet undescribed epimerase. Together these enzymes are able to repair the two epimers of NADHX and NADPHX. This identification also leads to a reappraisal of the function of AIBP, which has previously been claimed to be secreted and to interact with lipoproteins (13) .
Preliminary data from our laboratory indicate that AIBP (like Carkd) is essentially mitochondrial, cytosolic, and nuclear, 5 supporting its role in NAD(P)HX repair.
A second new piece of information is that homologs of the NAD(P)HX repair enzymes are found in the overwhelming majority of eukaryotes, prokaryotes, and archaea, indicating that NAD(P)HX repair is a very ancient, and presumably important, process for many species. This is not surprising if one considers the central role played by NAD and NADP in intermediary metabolism, as well as the fact that NAD(P)HX is known to inhibit several dehydrogenases (7, 8) . The NAD(P)HX repair enzymes are not essential, as indicated by the finding that the E. coli (yjeF) and S. cerevisiae (YKL151C and YNL200C) knock-out mutants are viable (18) . This may be related to the capacity of these organisms to carry out de novo synthesis of nicotinamide nucleotides. It should be stressed, however, that the yeast YKL151C and YNL200C mutants show a modest, yet significant competitive growth defect (19) , which is likely to be enhanced under conditions where nicotinamide nucleotide synthesis is compromised.
The fact that the yeast YKL151C gene is up-regulated under heat shock (20) has to be put in relation with the heat lability of NAD(P)H. Preliminary data from this laboratory indicate first order rates of conversion of NADPH to NADPHX of 0.002 and 0.05 min Ϫ1 at 37 and 72°C, respectively, and ϳ5-fold lower rates for NADH. 6 These findings suggest that the NAD(P)HX repair system is critical for thermophiles. However, this repair system is present even in psychrophiles, pleading in favor of enzyme-catalyzed hydration of NAD(P)H being an important contributor of NAD(P)HX formation in many species. These findings appeal to the search of NADHX-and NADPHX-producing enzymes.
The NAD(P)HX dehydratase is a new, but atypical, member of the ribokinase superfamily, not only because it is not a kinase, unlike the other members of this superfamily, but also because it represents an unprecedented example of an enzyme whose activity has evolved from being ADP-dependent to being ATP-dependent. The identification of the NAD(P)HX dehydratase as a member of a superfamily of enzymes that catalyze the phosphorylation of substrates, however, is an important argument in favor of the mechanism proposed by Acheson et al. (6) , in which dehydration involves the transfer of a phosphoryl group onto the C6-hydroxyl of the nicotinamide ring followed by phosphate elimination. The availability of recombinant protein will allow the further exploration of this unique reaction mechanism.
A remarkable feature of the repair system, which has been found for all enzymes investigated here, is that it works on derivatives of both NADH and NADPH, yet it works significantly better on hydrated forms of the latter than of the former nucleotide. This is logical if one considers that the intracellular NADPH/NADP ϩ ratio is much higher than the NADH/NAD ϩ ratio as well as the higher intrinsic reactivity of NADPH as compared with NADH. While this work was almost completed, several structures of YjeF bacterial homologs appeared in the Protein Data Bank (PDB), including one annotated as "a fusion of a domain of unknown function and ADP-/ATP-dependent NAD(P)H-hydrate dehydratase" (PDB ID 3rs8). This structure shows NADHX and ADP in the catalytic site of the C-terminal domain of YjeF (YjeF-Ct), consistent with this enzyme catalyzing the ADP-dependent dehydration of NADHX as described in the present study with E. coli YjeF. The N-terminal domain comprises an analog of NADHX (ADPribosylamine) in the putative catalytic site of YjeF-Nt (AIBP domain), as well as a nearby potassium ion forming seven bonds with neighboring atoms. These structural features are also consistent with the function identified in the present study for the AIBP domain and its dependence on K ϩ .
In conclusion, we have identified a widely distributed NAD(P)HX repair system consisting of two enzymatic activities. This system is likely to serve both as a proofreading system and to repair heat-damaged pyridine nucleotides. This work appeals to the search for other enzymes that repair metabolites and coenzymes.
Note Added in Proof-Following a suggestion of Dr. Kenneth Rudd (University of Miami), we propose to designate the E. coli yjeF gene "nnr" for nicotinamide nucleotide repair. Stand-alone bacterial genes encoding NAD(P)HX dehydratase or NAD(P)HX epimerase could be named nnrD and nnrE, respectively. Table S1 . Primers used for the cloning and expression of the NAD(P)HX dehydratases and epimerases from mouse, Saccharomyces cerevisiae, and Escherichia coli as Nterminally His-tagged proteins. -Supplemental Table S2 . Purification of NADHX dehydratase from baker's yeast. -Supplemental Table S3 . Kinetic properties of recombinant mouse Carkd, mouse AIBP, and E. coli YjeF. 
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Materials-HPLC-grade methanol was obtained from VWR (Leuven, Belgium). β-NADH, β-NADPH, and lactate dehydrogenase from rabbit muscle were obtained from Roche Applied Science (Indianapolis, IN). Enzymes used for PCR and cloning purposes were obtained from Fermentas (St-Leon-Rot, Germany) or Invitrogen (Carlsbad, CA). All other reagents were of analytical grade whenever possible.
HPLC Analysis of NAD(P)H derivatives-
The degradation products of NADH were separated by reversephase HPLC using a method adapted from (Acheson et al, 1988) . A Pursuit XRs C18 column (250 x 4.6 mm, 5 µm, Varian) was used with a mobile phase consisting of 40 mM NaPi pH 7.0 and NADH derivatives were eluted at a flowrate of 1 ml/min with a linear gradient from 2 to 15.5 % methanol over 30 min. Elution of the various compounds was monitored by UV absorbance at 279 nm and 340 nm. A similar elution profile was obtained as in (Acheson et al, 1988 ) (successive elution of (S)-NADHX, (R)-NADHX, NADH and then the cyclic forms of NADHX) and peak identities were assigned based on this previous study and inspection of the UV absorption spectra. The degradation products of NADPH were separated by a similar HPLC method except that a gradient from 0.5 to 8 % methanol over 30 min was applied. NAD(P)H(X) concentrations in experimental samples were calculated by comparing the integrated peak areas to those obtained with titrated solutions of NAD(P)H(X).
Purification of Yeast NADHX Dehydratase-Dry baker's yeast (22 g) was resuspended in 200 ml of a solution at pH 9.0 containing 0.2 M ammonium phosphate and 0.1 % 2-mercaptoethanol, and incubated for 75 min at 35 °C. Cells were then extracted by two consecutive passages on a French Press. The homogenate was centrifuged for 30 min at 15,000 x g and PMSF was added to the resulting supernatant (174 ml) at a final concentration of 0.1 M. Proteins were precipitated from the cleared cell lysate by addition of ammonium sulfate at 80 % of saturation and the resulting protein pellet resuspended in a final volume of 20 ml buffer A (20 mM Tris pH 8.0). This preparation was desalted by gel-filtration on PD-10 columns (GE Healthcare) and loaded onto a Blue Trisacryl column (Pharmacia, 6 ml) equilibrated with buffer A. A flowrate of 0.7 ml/min was used throughout this chromatography step and 3.6 ml fractions were collected. After a 10 ml wash with buffer A, proteins were eluted with a linear gradient of 0-100% buffer B (20 mM Tris pH 8.0, 2 M NaCl) over a 286 min time period. The fractions with the highest NADHX dehydratase activities were pooled and the elution buffer was exchanged against buffer A using a Vivaspin sample concentrator (GE Healthcare). The resulting preparation was loaded onto a Source 30Q column (BioRad, 5.5 ml) previously equilibrated with buffer A. A flowrate of 2.5 ml/min was used throughout this chromatography step and 1 ml fractions were collected. After a 50 ml wash with buffer A, proteins were eluted with a linear gradient of 0-75% buffer C (20 mM Tris pH 8.0, 1 M NaCl) over a 20 min time period. The peak activity fractions were pooled and concentrated and the resulting protein preparation was loaded onto a Superdex 200 column (GE Healthcare, 24 ml). Proteins were eluted with buffer D (20 mM Tris pH 8.0, 200 mM NaCl) at a flowrate of 0.5 ml/min with collection of 0.5 ml fractions. Protein concentrations were determined using the Lowry assay during the purification steps preceding the Source 30Q column and by measurement of A 280 in the fractions resulting from the chromatographies on the Source 30Q and Superdex 200 columns. NADHX dehydratase activity was determined spectrophotometrically throughout the purification procedure by monitoring A 290 to measure NADHX consumption. The assays were performed at 30 °C in a reaction mixture containing 25 mM NaPi, pH 6.5, 2 mM MgSO 4 , 1 mM ATP, and about 13 µM NADHX (60:40 mixture of (S)-and (R)-NADHX).
Expression and Purification of Recombinant NAD(P)HX Dehydratase and NAD(P)HX
Epimerase from mouse, S. cerevisiae and E. coli-Recombinant pET100/D-Topo expression vectors containing the appropriate inserts were transformed into E. coli BL21 Star (DE3) cells and grown until A 600 reached 0.5-0.6. Protein overexpression was induced with 0.4 mM isopropyl β-D-1-thiogalactopyranoside. After incubation with shaking at 18 °C for about 20 h, cells were harvested and resuspended in a pH 8.0 buffer containing 25 mM Tris-HCl, 300 mM NaCl, 0.5 mM PMSF, 5 µg/ml antipain and leupeptin, 1 mg/ml S-3 lysozyme, and 0-1 mM β-mercaptoethanol, and lysed by three freeze-thaw cycles. The bacterial extracts were incubated on ice for 1 h with 0.1 mg/ml DNaseI and 10 mM MgSO 4 and centrifuged for 30 min at 10,000 × g. The resulting supernatants were then purified by metal affinity chromatography using either Ni 2+ -or Co 2+ -charged columns (1 or 5 ml of resin according to load volume). For nickel affinity chromatography, the cleared lysates were diluted 3-fold with buffer A (25 mM Tris, pH 8, 300 mM NaCl, and 0 or 10 mM imidazole), loaded onto the column equilibrated with buffer A, and eluted using a linear gradient from 10-35 to 300-500 mM imidazole in buffer A. For cobalt affinity chromatography, the cleared lysates were diluted 3-fold with buffer B (50 mM NaPi, pH 7.4, 300 mM NaCl), loaded onto the column equilibrated with buffer B, and eluted using a linear gradient from 4.5-150 mM imidazole in buffer B. The purified proteins were desalted on NAP-5 or PD-10 columns (GE Healthcare), supplemented with 10% (v/v) glycerol, and stored at -70 °C. For three of the proteins, supplementary purification steps were performed. To separate the long form of Carkd and the short form of AIBP from residual NADH-consuming activities, they were loaded onto a Q-Sepharose column (GE Healthcare, 1 ml) equilibrated with buffer C (25 mM Hepes, pH 7.1) and eluted with an NaCl gradient from 0-750 mM in buffer C; part of the Carkd activity was washed off the column before starting the salt gradient and these fractions were used for further characterization of this enzyme. For recombinant YjeF, the metal affinity step was followed by an anion exchange step on a Source 30Q column (Biorad, 5.5 ml) equilibrated with a buffer D containing 25 mM Tris, pH 8 and 10 mM NaCl (elution with a 10-750 mM NaCl gradient in buffer D) and a gel-filtration step on a Superdex 200 column (GE Healthcare, 60 ml resin; elution with a buffer containing 10 mM Tris, pH 8 and 150 mM NaCl). Protein concentrations were determined by measuring A 280 . 
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